Mixtures of "template" and "adder" proteins self-assemble into large amyloid fibers of varying morphology and modulus. Fibers range from low modulus, rectangular cross-sectioned tapes to high modulus, circular cross-sectioned cylinders. Varying the proteins in the mixture can elicit "in-between" morphologies, such as elliptical cross-sectioned fibers and twisted tapes, both of which have moduli in-between rectangular tapes and cylindrical fibers. Experiments on mixtures of proteins of known amino acid sequence show that control of the large amyloid fiber morphology is dependent on the amount of glutamine repeats or "Q-blocks" relative to hydrophobic side chained amino acids such as alanine, isoleucine, leucine, and valine in the adder protein. Adder proteins with only hydrophobic groups form low modulus rectangular cross-sections and increasing the Q-block content allows excess hydrogen bonding on amide groups that results in twist and higher modulus. The experimental results show that large amyloid fibers of specific shape and modulus can be designed and controlled at the molecular level.
Introduction
Amyloids are self-assembled protein materials containing β-sheets. While the most common context for amyloids is in neurodegenerative diseases, there is another class of amyloid that performs beneficial functions in nature called "functional" amyloids [1, 2] . Functional amyloids occur as rigid protofibrils about 2-4 nm high, 10-30 nm wide, and >100 nm long with β-sheets oriented perpendicular to the protofibril axis to yield what is traditionally called the "cross-β" protein secondary structure [1, [3] [4] [5] .
OPEN ACCESS
Examples include egg silks of the Chrysopidae family, barnacle cement, and bacterial and fungal hyphae [2, [6] [7] [8] [9] [10] . These natural functional amyloids have been shown to display toughness as evidenced by a "sawtooth" pattern in atomic force microscopy (AFM) force-distance curves [11] . Functional amyloids have now become an inspiration for the burgeoning field of using amyloid protofibrils for high performance materials [1, [12] [13] [14] [15] .
Many different proteins have been shown to form amyloid protofibrils [16] . Self-assembly begins when a protein molecule destabilizes, unfolds, and hydrogen bonds to another unfolded protein molecule to build the β-sheet. Growth of the structure occurs when more protein molecules add into the β-sheet and elongate it into the protofibril [17, 18] . Protofibrils can align via liquid crystal interactions and further assemble through hydrophobic interactions into multi-stranded fibrils about 7-10 nm high and 30-200 nm wide [4] . Protofibrils and fibrils can twist based on several factors in the amino acid sequence [3, 5, 19] . Fibrils can further assemble into large fibrils that can be more cylindrical in cross-section and 200-700 nm wide or more rectangular in cross-section and also 200-700 nm wide but 20-500 nm high [20, 21] . In certain protein mixtures, assembly can continue to yield large amyloid fibers and tapes 10-20 μm wide and the tapes are 5 μm high [22, 23] . Our recent research has focused on the characteristics of these protein mixtures that allow them to self-assemble to such large scales. "Template" proteins are short and hydrophobic enough to destabilize and quickly form β-sheets. "Adder" proteins are longer, α-helical, and hydrophilic and remain this way until perturbed. Upon mixing, hydrophobic regions in the adder protein α-helices unravel on exposed hydrophobic groups in the template and "add" into the growing β-sheet structure [24] . α to β conformation change is often observed in amyloid formation [25] . Larger scale self-assembly is dictated by hydrophobic interactions on the protofibrils, fibrils, and large fibrils where the hydrophobicity is related back to the alanine (A), isoleucine (I), leucine (L), and valine (V) content [4, 23, 24] . Other amino acids, most notably glutamine (Q), can contribute to the structure and affect the self-assembly [26, 27] . Thus, the formation of large amyloid fibrils and fibers can be affected by the type of proteins in the mixture and self-assembly conditions [26] .
In this study, different template and adder proteins are mixed together to note the effect of protein amino acid sequence and template/adder interactions on large amyloid fiber morphology and properties. The experiments build on previous work performed on protein hydrolysates [26] by using pure natural proteins and engineered proteins of known amino acid sequences so that exact protein-protein interactions can be studied. Morphology is characterized by how the large fibrils bundle into the large amyloid fiber. Nanoindentation is used to measure large amyloid fiber and tape modulus. Protein secondary structure and intermolecular interactions are assessed with Fourier transform infrared (FTIR) spectroscopy.
Results
Large fibrils will bundle into large amyloid fibers in different ways depending on the constituent proteins in the mixture or the self-assembling solution conditions [21, 23, 26] . Large amyloid fibers and tapes are characterized morphologically by their overall diameter, D (fibers), or width, W (tapes), the twist angle of the large fibril with respect to the fiber or tape axis during bundling, θ and the pitch or center-to-center distance between large fibrils in the structure parallel to the fiber axis, h. In one case, large fibrils wrap around each other like yarns in a rope to bundle into a cylindrical cross-sectioned large amyloid fiber (Figure 1a) . The morphological features of the cylindrical fiber can be geometrically related through:
where π/h is the helical rotation rate of the large fibrils along the large amyloid fiber axis [28] . In another case, large fibrils bundle together much more weakly than in the cylinder case, resulting in a smaller bundling angle (Figure 1b) . While the large fibrils still "wrap" around one another, the structure more resembles lateral and vertical stacking of large fibrils into a rectangular cross-sectioned large amyloid tape. There are similar expressions for the wide side of the tape, W, and thin side of the tape, H, but only the wide side is considered such that the morphological features of the rectangular tape are related through: Given the wide variety of protein mixtures studied, other morphologies "in-between" the extremes of cylinders and tapes are also observed. Specifically, elliptical cross-sections ( Figure 1c ) and twisted tapes (Figure 1d ), which are referred to as "mixed" morphologies. The twist angle, θ, is inversely proportional to the pitch, h, (Figure 2a ) and directly proportional to the diameter or width of the large amyloid fibers or tapes (Figure 2b ) as predicted by Equations (1) and (2) .
The modulus of each large amyloid fiber, tape, and mixed structure is measured with nanoindentation. Fibers, tapes, and mixed structures can be differentiated by modulus, with fibers having the highest modulus, tapes the lowest modulus, and mixed morphologies in between. It is observed that θt < θf, similar to the modulus trend. Modulus, E, is plotted versus twist angle, θ ( Figure 3 ). In general, rectangular tapes have very low twist angles and have a relatively constant modulus with θ. Mixed morphologies, which deviate from rectangular cross-section and tend toward a cylindrical morphology, generally have a higher modulus and twist angle θ. Cylindrical fibers have the highest moduli and θ values with a strong correlation (r 2 = 0.98) found between E and θ. The differences in morphology and properties suggest larger scale manifestations of molecular level phenomena since each fiber, tape, and mixed structure is produced from a different protein mixture. While the signature of the amyloid is high-density β-sheet content, the amyloid structure β-sheet mole fraction cannot differentiate the different large amyloid fiber morphologies observed ( Figure 4 ). The β-sheet mole fraction is found from deconvolution of the FTIR Amide I absorbance [27] . Changes are also observed in the FTIR spectrum between 1000 cm
and 1100 cm −1 [23, 26, 27] . The absorbance at 1080 cm
is assigned to the CN stretching absorbance, ν(CN), and the absorbance at 1016 cm −1 is assigned to the C-C stretching absorbance, ν(C-C) [29, 30] . A correlation is found between the large amyloid fiber twist angle, θ, and the final value of the ratio ν(C-C)/ν(CN) at the end of self-assembly ( Figure 5 ). Tapes have the lowest twist angles, θ, with moduli, E, independent of θ. As more twist is induced into the structure, E and θ begin to increase. Cylinders, formed from highly twisted large fibrils, show a strong correlation between E and θ. There is a slight dependence of tape and mixed morphology structure modulus, E, on β-sheet content, β. However, β-sheet content alone cannot differentiate the different types of structures observed. 
Discussion
The results described in this study connect molecular level phenomena to macroscopic fiber behavior. Specifically, amyloid large fibrils can be self-assembled and can further bundle into large amyloid fibers and tapes in a predictable manner based on characteristics of the constituent template and adder proteins in the mixture. The majority of the fibers follow the same θ vs. h relationship except fully formed THWG fibers (Figure 2a) . THWG large fibrils bundle into the final twist angle early (THWG 3 day) but it takes 20 days to develop the final THWG large amyloid fiber diameter ( Figure 2b ) and modulus ( Figure 3) at the same conditions. THWG fibers have the highest ν(C-C)/ν(CN) values ( Figure 5) . High values for ν(C-C)/ν(CN) arise because there is strong hydrogen bonding on the amide at the end of the glutamine side group that results in a low value of ν(CN). The CH2-CH2 portion linking the amide to the main chain is more free to vibrate resulting in a higher value for ν(C-C) [27] . Taken together, this suggests that large fibrils are highly attracted to each other early through hydrophobic interactions on A, I, L, and V and begin twisting from excess hydrogen bonding on Q side groups but more large fibrils must add together thus adding more excess hydrogen bonding to yield fully formed fibers of D ~ 20 μm and E ~ 3-6 GPa [24] . Fully formed THWG fibers are clearly special resulting in very cylindrical cross-sections of high modulus and large fibril pitch. This is because THWG fibers have the highest Q-block content, which has been shown to be important in amyloid self-assembly [5, [31] [32] [33] [34] [35] . THWG self-assembly that relies on hydrophobic interactions and excess hydrogen bonding on Q is pH independent. However, changing the temperature to lower or higher temperatures shows a deviation from the high modulus, cylindrical fiber instead favoring a mixed elliptical and tape morphology ( Figure S1 and Table S1 ). This suggests that 37 °C is the thermodynamically and kinetically favored temperature for optimal THWG self-assembly. Fibers still self-assemble at the other temperatures showing favorable thermodynamics but kinetics must prevent the THWG large fibrils from bundling in the systematic manner they do at 37 °C.
θ is linear with D or W with cylinders having the highest θ, tapes the lowest θ, and mixed morphologies in-between (Figure 2b ). There are some tape outliers where θ is not linear with W and θ is much lower than anticipated, which are circled in Figure 2b . These points are THGd:Am 0.85:0.15, THGd:Am 0.39:0.61, Am, THGd:P4An and Gd20KK:My. Am is the largest adder protein used and yields very ill-formed fibers because its high molecular weight makes it difficult to incorporate into the structure. Gd20KK:My also results in ill-formed fibers. This does not appear to be a molecular weight mismatch effect because CB4:My, P4:My, P4An:My, and P7:My have the same molecular weight mismatch but yield fully formed fibers. The biggest problem with addition of My onto Gd20KK may be the positive charge at pH 8 from the addition of K (Table S2 ). Gd20KK:My 0.36:0.64 has a charge mismatch and repulsive forces may precede hydrophobic interactions. Gd20KK:P4An 0.50:0.50 has a similar charge mismatch but hydrophobic interactions on these short proteins may form quickly to overcome the repulsive forces. Compared to THWG, this is the first indication that charge is a factor to consider in a molecular level model for amyloid self-assembly. ThGd:P4An yields fully formed tapes but the edges curl in and embed in one another, which slightly underestimates the tape width.
Hydrophobic interactions initiate α-helix to β-sheet conformation change in the adder protein and addition into the growing β-sheet structure and eventual protofibril [24] . Hydrophobic interactions also drive protofibril bundling into fibrils, fibril bundling into large fibrils, and large fibril bundling into large amyloid fibers [4, 21] . Hydrophobic interactions alone dominate rectangular cross-section tape formation resulting in modest moduli (Figure 4 ) [26] . Although formed from a multitude of proteins, tape modulus remains relatively constant with θ at about E ~ 0.10-0.15 GPa. θ values are the lowest because hydrophobic interactions alone cannot induce twist into the large amyloid tape and many very weak hydrophobic interactions do not result in a high modulus. THGd:My is a mixture largely dominated by hydrophobic interactions and results in tapes over a wide range of conditions. However, self-assembly in 100 mM NaCl results in a cylinder with an increased θ and no gain in h or E. This seems to suggest some charge is screened on THGd proteins and perhaps My, which is neutral, to allow a gain in one kind of charge and like charge repulsion and twisting [19] . There are no new molecular interactions so there is no gain in modulus.
Changing THGd:My self-assembly temperature from 37 °C also changes the morphology to elliptical and twisted tape (Table S1 ) [26] . At some temperatures θ and h also increase. This could be a kinetic effect where certain proteins in the THGd hydrolysate are favored in the self-assembly process over others or temperature tightens large-scale interactions to cause the tape to twist or misshapen slightly. In general, mixed morphologies that begin to deviate from a tape and trend more towards a cylinder have a higher modulus with twist angle beginning to increase. All of these systems have proteins that contain Q-blocks except for P4An, which contains blocks of other amino acids with side groups capable of hydrogen bonding. Most of the cylinders are made from wheat gluten (WG), which has the highest Q content and longest Q-blocks. The only one that does not is P4An:My, which again has blocks of hydrogen bonding amino acids.
While tapes and mixed morphologies show slight increases in modulus with the β-sheet mole fraction (Figure 4) , β-sheet content alone cannot distinguish one morphology from the others. This is a surprising result because traditional thinking is that β-sheet content directly correlates to fiber rigidity. The results show that other protein features can contribute to rigidity and recent theoretical work on silk indicates that structural subtleties in the amorphous regions around the β-sheets are important to properties [36] . Here, the modulus is that of the mature large amyloid fiber bundled from smaller self-assembled protofibrils. The β-sheet content is that in individual nanometer sized protofibrils and affects the modulus of the protofibril [37] . Other intermolecular interactions in the protofibril, as well as how the protofibrils bundle together and the interactions that drive the larger scale assembly appear to be important in determining the final large amyloid fiber modulus. The protein Q content seems to be an important factor when looking at how it influences modulus. However, it is simply not the Q content but the state of the amide group on glutamine that is important because the cylinders and mixed morphologies in some cases have the same Q content but different self-assembly conditions or protein mixtures have resulted in different θ, h, and E. The ratio ν(C-C/ν(CN) can differentiate the final morphology of the large amyloid fiber or tape during the self-assembly process [26] . In general, tapes, mixed morphologies, and cylinders have low, moderate, and high θ and ν(C-C)/ν(CN) values, respectively ( Figure 5 ) [27] . In Q-containing proteins, the ν(C-C) and ν(CN) absorbances are much more pronounced than in non Q-containing proteins. As described above, as the amide on the end of the Q side group hydrogen bonds more, ν(C-C)/ν(CN) increases and for all cylinders is about 1 or greater meaning that amide hydrogen bonding increases significantly. Thus, there is excess hydrogen bonding on Q containing proteins. The value of ν(C-C)/ν(CN) in the final large amyloid fiber or tape at the end of self-assembly describes the state of θ and E. ν(C-C) and ν(CN) absorbances also appear in non Q-containing proteins but are much less pronounced and thus originate in other amino acids that still contain C-C and C-N bonds in the side group but are there in much smaller amounts [27] . The two outliers in Figure 5 are THWG 100 mM NaCl and THWG 22 °C, which have high ν(C-C)/ν(CN) but low θ. Figures 4 and 5 are profound because they show that a macroscopic property like modulus can be anticipated by the large amyloid fiber morphology and molecular structure. Figure 5 in particular connects phenomena over four orders of magnitude of length scale. However, a complete model must account for other effects, particularly ones that disrupt normal self-assembly such as charge and kinetic effects. This is because THWG outliers in Figure 5 show a great deal of Q hydrogen bonding but low twist angles and tape outliers in Figure 2b show charge and molecular weight effects.
Materials and Methods

Protein Mixtures
Detailed procedures for the preparation of trypsin hydrolyzed wheat gluten (THWG), tryspin hydrolyzed gliadin (THGd), and its mixtures with the following natural proteins: gliadin:α-lactalbumin (THGd:Al), gliadin:amylase (THGd:Am), gliadin:hemoglobin (THGd:Hm), gliadin:insulin (THGd:In), and gliadin:myoglobin (THGd:My) can be found elsewhere [23, 24, 26] . THWG-95 °C was prepared the same as described previously except the solution was heated to 95 °C for 30 min at the end of the reaction [22] . α-chymotrypsin hydrolyzed wheat gluten (AHWG) was prepared the same as THWG but at 25 °C and pH 7.5, the optimal conditions for the enzyme. Individual protein properties are given in Table S2 . Protein properties can be found using the ProtParam tool in ExPASy [38] . The tendency for β-sheet aggregation is found using the AGG parameter in TANGO [39] . TANGO only works for 500 amino acid sequences. For Am, cutting the 12 amino acids at the N-terminus gives AGG = 2325 and cutting the 12 amino acids at the C-terminus gives AGG = 2219. The value given is an average of the two. The sequences of the natural proteins can be found from the UniProt number, which is also given in Table S2 . Wheat gluten is a mixture of gliadin (Gd, UniProt P04721, 0.49 mol fraction), high molecular weight glutenin (GtH, UniProt P08488, 0.06 mol fraction), and low molecular weight glutenin (GtL, UniProt P10386, 0.45 mol fraction). Hydrolyzing WG with trypsin or α-chymotrypsin yields two different hydrolysis products and two different self-assembled large amyloid fibers.
A series of engineered template and adder proteins was synthesized by Peptide 2.0 (Chantilly, VA, USA) with amino acid sequences confirmed by mass spectrometry. Pure proteins and 0.5:0.5 mol:mol mixtures of the synthetic proteins P4, P4An, and P7 with myoglobin (My) were dissolved in water, adjusted to pH 8 with small volumes of NaOH, and incubated at 37 °C in centrifuge tubes and monitored for 35 days (P4 and P7) and 20 days (P4An). Mixture volumes were 10 mL. P4 and P7 were monitored for longer than 20 days to see if they changed over long times but no further changes occurred so all changes happen very quickly. THGd was also mixed with P4An and P7 at 0.07:0.93 mol:mol THGd:P4An or P7 and incubated at the same conditions. Previous work comparing THWG to Gd:My has shown the importance of glutamine repeats or Q-blocks in large amyloid fiber self-assembly. P4 and P7 are designed to vary Q-block size. P4An replaces Q in P4 with other hydrophilic amino acids capable of hydrogen bonding.
Pure Gd20KK, CB4, and a 0.36:0.64 mol:mol mixture of each with My as well as 0.5:0.5 mol:mol Gd20KK:P4An and Gd20KK:P7 were prepared in a similar way and monitored for 20 days. Gd20KK is a synthetic protein based on Gd20, the gliadin 1-20 trypsin hydrolysis product with a high predicted tendency for β-sheet formation. Two lysines (K) are added at the end to increase solubility. CB4 is a synthetic protein modeled on a protein obtained from the hydrolysis of barnacle cement proteins, which are known amyloid formers [6, 40] . At the end of incubation, liquid mixtures were dried at room temperature on Teflon ® -coated aluminum foil in a fume hood. The sequences of the engineered proteins are given in Table S3 . All protein mixtures considered in this study are listed in Table S1 as are the E, θ, and h values for cross-reference with the figures.
Fourier Transform Infrared (FTIR) Spectroscopy
Attenuated total reflectance (ATR) FTIR spectra of the incubating solutions were recorded daily on a Thermo Nicolet 6700 FTIR Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a 45° ZnSe crystal trough. The spectra were collected using 256 scans at 4 cm . The spectrum of each protein solution was ratioed against the aqueous solvent background to reveal the protein absorbance spectrum. Three spectra were acquired at each point in time and averages ± standard error reported for each condition. Procedures for detailed quantitative analysis of the FTIR spectrum can be found elsewhere [27] . All reported FTIR values were obtained at 20 days of incubation.
Scanning Electron Microscopy (SEM)
Large amyloid fibers formed from dried solution were mounted onto aluminum SEM stubs with double-sided tape. Scanning electron micrographs were obtained using a LEO 1550 field-emission SEM (Zeiss, Peabody, MA, USA) with a 4-6 mm working distance, 5 kV accelerating voltage, and an In-lens SE-detector. Fiber dimensions were obtained on 5 fibers for samples with template and adder proteins in the mixture. Fibers formed from single proteins were not prolific fiber formers in the absence of a complementary template or adder protein. In the case of fibers formed from single proteins, measurements are based on 1 or 2 fibers. Dimensions are reported as averages ± standard error.
Nanoindentation
Fibers were mounted on stainless steel stubs and secured to the surface by a small amount of epoxy such that the fiber laid flat on the surface and was not submerged in the epoxy. Nanoindentation experiments were performed at room temperature using a Hysitron Triboindenter (Minneapolis, MN, USA) with a 0.738 μm radius, 90° conical diamond tip except for THWG-95 °C, which was tested with a Berkovich diamond 142.3 degree, 3-sided pyramidal tip of similar width. The appropriate indentation depth was found using the epoxy as a blank prior to sample indentation. Experiments were in displacement-controlled (DC) mode with a maximum displacement of 1000 nm at a rate of 100 nm/s. Indentations were performed 20-30 times on each of 3-5 fibers for each protein mixture and on 1-2 fibers for single proteins. The notable exceptions are THWG pH 8 and THWG-95 °C, which have been measured many different times from many different preparations and consistently show the highest moduli. Fiber or tape elastic (Young's) modulus, E, was determined as previously reported and is presented as averages ± standard error [23, 41] .
Conclusions
The results of this study show that macroscopic features of self-assembled protein fibers can be designed and controlled at the molecular level. Large amyloid fibers are self-assembled protein fibers that can have rectangular or cylindrical cross-sections and morphologies in-between. Rectangular large amyloid tapes of low modulus originate in hydrophobic interactions. Cylindrical large amyloid fibers of high modulus have hydrophobic interactions and excess hydrogen bonding on Q amino acid side groups. Varying the ratio of hydrophobic groups to Q-blocks in the proteins can control morphology and modulus.
